ISSN

0027-8424
Authors
An, R Tang, Y Chen, L et al.
The neurotropic parasite Toxoplasma gondii is a globally distributed parasitic protozoan among mammalian hosts, including humans. During the course of infection, the CNS is the most commonly damaged organ among invaded tissues. The polymorphic rhoptry protein 18 (ROP18) is a key serine (Ser)/threonine (Thr) kinase that phosphorylates host proteins to modulate acute virulence. However, the basis of neurotropism and the specific substrates through which ROP18 exerts neuropathogenesis remain unknown. Using mass spectrometry, we performed proteomic analysis of proteins that selectively bind to active ROP18 and identified RTN1-C, an endoplasmic reticulum (ER) protein that is preferentially expressed in the CNS. We demonstrated that ROP18 is associated with the N-terminal portion of RTN1-C and specifically phosphorylates RTN1-C at Ser7/ 134 and Thr4/8/118. ROP18 phosphorylation of RTN1-C triggers ER stress-mediated apoptosis in neural cells. Remarkably, ROP18 phosphorylation of RTN1-C enhances glucose-regulated protein 78 (GRP78) acetylation by attenuating the activity of histone deacetylase (HDAC), and this event is associated with an increase of neural apoptosis. These results clearly demonstrate that both RTN1-C and HDACs are involved in T. gondii ROP18-mediated pathogenesis of encephalitis during Toxoplasma infection.
ROP18 | RTN1-C | phosphorylation | ER stress | neural apoptosis T he obligate intracellular protozoan, Toxoplasma gondii, infects a broad range of hosts, including humans. As a neurotropic parasite, it exhibits a strong predilection for interacting with neurons throughout the CNS (1-3). Toxoplasmic encephalitis (TE) is the most serious outcome of toxoplasmosis due to reactivation of cysts in the brain. In AIDS, cancer, or patients with severe immune dysfunction, dormant encysted bradyzoites can reactivate into fast-replicating tachyzoites and cause severe damage to the brain (4) . Identifying essential host factors, particularly those expressed in the nervous system, will represent a major step forward to further understanding of pathogenesis of TE.
Endoplasmic reticulum (ER) stress is triggered by a loss of homeostasis in the ER, resulting in the accumulation of misfolded proteins in the ER lumen (5) . Numerous disturbances, including a diverse spectrum of toxins or noxious stimuli, cause accumulation of unfolded proteins in the ER, triggering a well-characterized reaction to "ER stress" termed the unfolded protein response (UPR). One of them, the glucose-regulated protein 78 (GRP78) plays a central role in activating the UPR. When the ER is "stressed" by unfolded proteins, GRP78 binds to the unfolded proteins in the ER, freeing its client proteins to trigger the UPR. However, under prolonged ER stress, the UPR can also induce apoptotic cell death through activation of caspase-12, CHOP, and/or c-JUN NH2-terminal kinase (JNK) (5) . Increasing evidence indicates that intracellular pathogens and viruses alike often disturb ER homeostasis and lead to the ER stress response during infection (6, 7) . As an obligate intracellular protozoan, T. gondii has been shown previously to cause ER stress and induce apoptotic cell death (2, (8) (9) (10) (11) .
Rhoptry protein 18 (ROP18), a serine (Ser)/threonine (Thr) kinase secreted by Toxoplasma rhoptries into the parasitophorous vacuole (PV) and host cytosol, was identified as a major virulence factor (12, 13) . Previous studies have demonstrated that ROP18 can phosphorylate several targets in the host cell, including immunityrelated GTPases (IRGs) (14, 15) and ATF6β (16) , to mediate virulence during infection. Our studies revealed that ROP18 phosphorylates the host NF-κB p65 and targets this protein to ubiquitin-dependent degradation, thus inhibiting the NF-κB pathway in infected macrophages (17) . In addition, our recent studies have demonstrated that ROP18 can stimulate neural cell death by inducing the ER stress-mediated apoptosis pathway (10) . However, host proteins, especially those preferentially expressed in nervous tissues, targeted by ROP18 and its associated molecular mechanism remain unclear.
Herein, we report that an ER-associated protein called reticulon 1-C (RTN1-C) is a substrate that can be phosphorylated by ROP18. ROP18 phosphorylates RTN1-C and triggers ER stressmediated apoptosis in neural cells. Moreover, phosphorylated RTN1-C enhances GRP78 acetylation by attenuating the activity of histone deacetylase (HDAC), and this event is associated with
Significance
As a neurotropic parasite, Toxoplasma predominantly interacts with neurons throughout CNS infection and causes severe damage to the brain. In patients with severe immune dysfunction, dormant encysted bradyzoites can reactivate into fast-replicating tachyzoites and may cause damage to the brain. We report that an endoplasmic reticulum (ER)-associated protein, RTN1-C, is a substrate of ROP18 kinase. ROP18 phosphorylation of RTN1-C triggers ER stress-mediated apoptosis. Phosphorylated RTN1-C enhances GRP78 acetylation via attenuating the activity of histone deacetylases and is associated with neural apoptosis. These results link Toxoplasma's effector ROP18 to RTN1-C, the CNS predominantly expressed protein, as well as ER stress-induced apoptosis via GRP78 acetylation, which may provide new insight into the preferential invasion of the central nervous system by Toxoplasma.
neural apoptosis. The finding offers clues to gain a better understanding of the neuropathology of TE.
Results
ROP18
Kinase Activity Is Required for Neural Apoptosis. To test the hypothesis that Toxoplasma-CNS host cell interactions occur during acute toxoplasmosis, initial studies were carried out to detect encephalitis in brain tissues. As expected, necrosis and inflammation were present around Toxoplasma cysts (Fig. 1A) . More importantly, analyses of immunofluorescent staining of ROP18 and active caspase-3 showed that a high degree of neural apoptosis was present in the cortex of immunosuppressed mice compared with the control, suggesting the ROP18-mediated neural apoptosis in TE (Fig. 1B) . To explore whether ROP18 kinase activity plays a pivotal role in the death of neurons during infection, each individual in the group of BALB/c mice was infected i.p. with 1 × 10 3 tachyzoites from parasites overexpressing wild-type ROP18 reticulon homology (ROP18-WT RH), parasites overexpressing kinase-deficient ROP18 (S394A) RH (ROP18-KD RH), ROP18 knockout Δku80 RH strain (Δrop18 RH), or wild-type RH tachyzoites. Pathology in the brain tissues of animals was examined as soon as obvious clinical manifestations were observed. To detect the neuronal apoptosis in vivo, immunohistochemical staining of active caspase-3 was conducted on the brain sections. Active caspase-3 staining was more pronounced in the hippocampus and cerebral cortex of mice infected with the ROP18-WT RH or wildtype RH tachyzoites compared with the uninfected group. Remarkably, the active caspase-3 staining of the mice infected with the ROP 18-WT RH was significantly increased compared with the ROP18-KD RH-or Δrop18 RH-infected group. The specificity of the staining was confirmed by negative control with IgG and baseline weak staining in the normal brain (SI Appendix, Fig. S1 A and B). Neuronal damage was then examined using immunofluorescent staining of NeuN (a specific neuron marker) and active caspase-3 staining. Consistently, the results demonstrated that the ROP18-WT RH strain induced significant levels of active caspase-3 cleavagepositive neuronal cells, whereas infection with the ROP18-KD strain or Δrop18 RH failed to induce active caspase-3 (Fig. 1C) . To investigate whether ROP18 kinase activity is required for neural apoptosis, we infected Neuro2a cells with ROP18-WT, ROP18-KD, or Δrop18 RH tachyzoites and performed flow cytometry analysis. ROP18-WT RH tachyzoites, compared with ROP18-KD or Δrop18 RH tachyzoites, significantly enhanced neural apoptosis (SI Appendix, Fig. S1 C and D) . Collectively, these results suggest that ROP18 kinase activity is required for neural apoptosis.
Identification of RTN1-C as a ROP18-Interacting Host Protein. To identify neural binding partners targeted by ROP18, we conducted proteomic screening. To distinguish putative ROP18-binding proteins from nonspecific binding, ROP18-GST was used as an affinity matrix to isolate proteins interacting with active ROP18 from human SH-SY5Y neuroblastoma cell line extracts ( Fig. 2A) . Silver-stained bands that were enriched in the ROP18-GST pulldown were excised and subjected to protein identification using MALDI-TOF mass spectrometry. Known members of the ROP18 complex were detected, including the transcription factor of the NF-κB family, p65 (RelA), thereby validating this approach (17) . In addition, we identified several previously unknown ROP18-binding partners (SI Appendix, Table S1 ). Among them, RTN1-C, an ER protein preferentially expressed in the CNS, was identified. To demonstrate a direct interaction between ROP18 and RTN1-C, we performed yeast two-hybrid cotransformation and GST pulldown assays. Full-length RTN1-C was cotransformed with ROP18 into yeast cells using β-galactosidase activity (lacZ reporter) as a measure of protein-protein interaction. The results indicated that human RTN1-C is a binding partner for ROP18 (SI Appendix, Fig. S2 ). According to structure analysis of reticulon proteins, all of the members contain a carboxyl-terminal RH domain, while reticulon amino-terminal domains display little or no similarity to each other. To determine whether ROP18 specifically interacts with RTN1-C, we constructed FLAG-tagged Δ20-RTN1-C (lacking amino acids 1-20 at the N terminus, which displays no sequence similarity to RTN1-A/B and other RTNs) and transfected it into the cells. The GST pulldown assay revealed that FLAG-tagged full-length RTN1-C bound to ROP18 in vitro, whereas FLAG-tagged Δ20-RTN1-C did not (Fig. 2B) . Consistently, the immunoprecipitation of RTN1-C revealed that ROP18 binds to the full length of RTN1-C ( Fig. 2C) but not to the RTN1-C deficient in 20 N-terminal amino acids (Fig. 3E) . Thus, the results strongly suggested the specific interactions of ROP18 with RTN1-C. To address the physiological relevance of this interaction in mammalian cells, we used the overexpressing wild-type ROP18 Ty1-tagged RH strain and infected the primary mouse cortical neurons with the parasites. Interestingly, we found that RTN1-C was recruited around the parasites and codistributed with ROP18, suggesting the colocalization of ROP18 with RTN1-C in the cytosol of the infectious primary neuron cells (Fig.  2D ). To determine ROP18 and RTN1-C interaction in infected cells in vivo, SH-SY5Y cells were infected with the Δku80Δhxgprt RH or Δrop18 RH strain, and these cells were then immunoprecipitated for RTN-1C. The results indicated that the host RTN1-C is a binding protein of ROP18 during infection with the virulent type I Fig. 2 . ROP18 interacts with RTN1-C. (A) Mass spectrometry screening to identify ROP18-binding proteins. ROP18-binding proteins were isolated from human SH-SY5Y neuroblastoma cell line extracts. Silver-stained SDS-polyacrylamide gels of control (lane 2) and ROP18-GST pulldown complexes (lane 3) are presented. Molecular weight markers are indicated. Bands present in the ROP18-GST pulldown were excised (bands shown), and protein determination was performed by MALDI-TOF mass spectrometry. (B) Confirmation of the binding site of RTN1-C and ROP18 by an in vitro GST pulldown assay. ROP18-GST bound to glutathione beads was used as an affinity matrix to absorb FLAG-tagged full-length RTN1-C and its truncate Δ20-RTN1-C-expressed Neuro2a cells. IB, immunoblot. (C) Verifying the interaction of RTN1-C with ROP18 through immunoprecipitation. Neuro2a cells were transfected with ROP18-GFP or control GFP vector for 24 h. Starting fractions (Input) and immunoprecipitates (IP) were analyzed by SDS/PAGE and Western blotting using GFP and RTN1-C antibodies. The result indicates that ROP18 (Upper) and RTN1-C (Lower) were coimmunoprecipitated. (D) Primary cortical neuronal cells grown on glass coverslips were infected with the ROP18-WT-Ty1 RH strain at a multiplicity of infection (m.o.i.) of 1 for 24 h. Double immunofluorescence was performed using mouse monoclonal anti-Ty1 (green) and rabbit polyclonal anti-RTN1-C (red) antibodies. A distinctive pattern of RTN1-C and ROP18 localization was observed around the parasite. BF, bright field. (Scale bar, 5 μm.) (E) ROP18-expressing transgenic strains were used to determine ROP18 and RTN-1C interaction. The SH-SY5Y cells were infected with the indicated parasites at an m.o.i. of ∼1. At 12 h after infection, immunoprecipitation (IP) of RTN-1C from infected cell lysates was detected with rabbit polyclonal ROP18 antibody. strain (Fig. 2E) . Taken together, we conclude that RTN1-C directly binds to ROP18 both in vitro and in vivo.
ROP18 Phosphorylates RTN1-C at Ser7/134 and Thr4/8/118. As noted above, ROP18 is a key Ser/Thr kinase that phosphorylates host proteins to modulate acute virulence, and its kinase activity is essential for neural apoptosis. To further clarify whether RTN1-C is the phosphorylated substrate of ROP18, we overexpressed ROP18-WT-GFP or ROP18-KD-GFP with FLAG-tagged RTN1-C in Neuro2a cells. Immunoprecipitation was performed using a FLAG antibody followed by phosphorylated Ser/Thr immunoblotting analysis. The wild-type ROP18 phosphorylated RTN1-C at Ser/ Thr residues, while the kinase-deficient ROP18 did not (Fig. 3A) . To identify the regulatory phosphorylation sites on RTN1-C modified by ROP18 kinase, we utilized bioinformatics analysis with NetPhos 2.0 Server (www.cbs.dtu.dk/services/NetPhos-2.0/) and ScanProsite (https://prosite.expasy.org/scanprosite/) software due to the failure of the mass spectrometry analyses of phosphorylated residues of RTN1-C using immunoprecipitation. Given the possible phosphorylated sites identified by bioinformatics, we focused on the five putative phosphorylated sites with the highest scores, that is, Ser7/134 and Thr4/8/118, as indicated in Fig. 3B . To determine which of these residues was phosphorylated, we generated a GSTtagged mutated version of the full-length RTN1-C containing single, double, triple, quadruple, or quintuple mutations where Ser or Thr was mutated to the nonphosphorylatable residue alanine. The recombinant wild-type RTN1-C or its mutant proteins were then incubated with eukaryotically expressed ROP18, and in vitro phosphorylation assays were performed. The results revealed that 32 P failed to be incorporated into the RTN1-C-5A mutant proteins in which both Ser7/134 and Thr4/8/118 were replaced with alanine (SI Appendix, Fig. S3 ). To further confirm this result, we generated the nonphosphorylatable RTN1-C-5A mutation and repeated the in vitro phosphorylation experiment. The result showed that Ser7/134 and Thr4/8/118 of RTN1-C are the main substrates of ROP18, while phosphorylation of the RTN1-C-5A mutant proteins by ROP18 was significantly reduced, as verified by 32 P incorporation in vitro (Fig. 3C) . To extend these studies into cells, we cotransfected FLAG-tagged wild-type RTN1-C or the nonphosphorylatable RTN1-C-5A mutation with ROP18-GFP into Neuro2a cells. ROP18 greatly enhanced the basal phosphorylation of RTN1-C, and this increase was abolished by the nonphosphorylatable Fig. 3 . Ser7/134 and Thr4/8/118 on RTN1-C are phosphorylation sites for ROP18 in vitro and in vivo. (A) Neuro2a cells were cotransfected with ROP18-WT-GFP or ROP18-KD-GFP and FLAG-tagged RTN1-C for 24 h, and the cell lysates were immunoprecipitated (IP) with FLAG antibodies. RTN1-C phosphorylation was detected by the phospho-Ser/Thr antibody. IB, immunoblot. (B) Three peptides containing putative phosphorylation sites are indicated with red letters. ClustalW alignment of the amino acid sequences from 1-10, 116-125, and 128-137 of the human RTN1-C with rat, mouse, dog, and horse sequences. (C) ROP18 phosphorylates RTN1-C Ser7/134 and Thr4/8/118 in vitro. Bacterially expressed GST-tagged wild-type RTN1-C and RTN1-C-5A mutant (SS7/134AA + TTT4/8/118AAA) were purified on glutathione-agarose beads and phosphorylated in vitro using [ 32 P] ATP and eukaryotically expressed ROP18 as described (17) . Samples were separated by SDS/PAGE gel (Lower) and subsequently incubated with X-ray film (Upper). Of note, in the presence of ROP18, dramatic incorporation of RTN1-C-5A mutation (Fig. 3D) . As mentioned above, RTN1-C bound to ROP18 through the first 20 N-terminal amino acids. Therefore, we sought to address whether this interaction affects RTN1-C phosphorylation. Consequently, the absence of the 20 amino acids at the N terminus of RTN1-C eliminated its phosphorylation by ROP18, suggesting that the ROP18 and RTN1-C interaction is required for its subsequent phosphorylation (Fig. 3E) . Our results strongly indicated that the interaction of RTN1-C with ROP18 mediates its phosphorylation by ROP18 at Ser7/134 and Thr4/8/118 residues.
ROP18 Phosphorylation of RTN1-C Induces ER Stress-Associated Apoptosis. To explore whether ROP18 kinase activity is essential for activating ER stress-mediated apoptosis, Neuro2a cells transfected with ROP18-WT-GFP or ROP18-KD-GFP were treated with or without 5 μmol/L Z-ATAD-FMK, a specific caspase-12 inhibitor, and immunoblotting analyses were performed. The expression levels of cleaved caspase-12, CHOP, and cleaved caspase-3 increased significantly in the ROP18-WT-GFP group compared with the ROP18-KD-GFP and GFP groups, suggesting a pivotal role of kinase activity of ROP18 in the Fig. 4 . ROP18 phosphorylation of RTN1-C induces ER stress-associated apoptosis (A) After Neuro2a cells were treated with or without Z-ATAD-FMK (ZAF) for 6 h, the cells were infected with ROP18-WT RH or ROP18-KD RH tachyzoites at a multiplicity of infection of ∼3 for 24 h. Then, cell lysates were assessed by Western blotting using the indicated antibodies. GAPDH was included as a loading control. IB, immunoblot. (B) Quantitative data of A. The presented figures are from a representative study, and the quantitative data are expressed as the mean ± SD based on different assays (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001 for ROP18-WT RH vs. ROP18-KD RH, ROP18-WT RH + ZAF, or RH group. (C) Neuro2a cells were transfected with FLAG-tagged RTN1-C-WT, RTN1-C-5A, or RTN1-C-5D for 24 h. Then, apoptotic cells were detected by flow cytometry after annexin V-phycoerythrin (PE)/7-aminoactinomycin D (7-AAD) staining. The plots were obtained from a representative measurement. (D) Quantitative data of C are expressed as the mean ± SD based on three different assays (n = 3). **P < 0.01 vs. negative controls; ***P < 0.001 vs. negative controls. (E) Representative Western blot analysis of cleaved caspase-12, CHOP, and cleaved caspase-3 in Neuro2a cells after transfection with FLAG-tagged wild-type RTN1-C or its mutants (RTN1-C-5D and RTN1-C-5A).
activation of ER stress-associated apoptosis. After Z-ATAD-FMK pretreatment, the expression levels of these related proteins were notably decreased in the ROP18-WT-GFP group compared with the group that was not pretreated, confirming that ER stressassociated apoptosis was dependent on ROP18 kinase activity (SI Appendix, Fig. S4 ). Additional experiments employing the ROP18-WT RH strain or ROP18-KD RH strain consistently revealed that the ROP18-WT-RH strain significantly induced high levels of these related proteins in the ER stress-mediated apoptosis pathway compared with ROP18-KD RH and wild-type RH parasites. In addition, these up-regulations were blocked by Z-ATAD-FMK treatment (Fig. 4 A and B) . These data confirmed in vivo that ROP18 kinase activity is required for ER stressassociated apoptosis. To examine whether ROP18-mediated phosphorylation of RTN1-C is essential for neuronal apoptosis, plasmids expressing FLAG-tagged wild-type nonphosphorylatable RTN1-C-5A or phospho-mimicking RTN1-C (RTN1-C-5D) were transfected into Neuro2a cells. Our quantitative analysis indicated that wild-type (RTN1-C-WT) and phospho-mimicking RTN1-C (RTN1-C-5D) significantly enhanced neural apoptosis (Fig. 4C ). Importantly, the apoptosis level of nonphosphorylatable RTN1-C-5A-overexpressing cells was significantly decreased compared with RTN1-C-5D-overexpressing cells, suggesting that ROP18-dependent RTN1-C phosphorylation induced apoptosis (Fig. 4D) . We next examined the levels of these related proteins in the ER stress-mediated apoptosis pathway in all three FLAG-tagged RTN1-C (wild-type, RTN1-C-5D, and RTN1-C-5A) overexpressing cells. In RTN1-C-5A-transfected cells, the levels of cleaved caspase-12, CHOP, and cleaved caspase-3 were significantly decreased, whereas these signaling proteins were increased in cells transfected with wild-type RTN1-C and RTN1-C-5D mutant (Fig.  4E) . Moreover, the absence of the 20 amino acids at the N terminus of RTN1-C eliminated ROP18-dependent ER stress-mediated neuronal apoptosis (SI Appendix, Fig. S5 ). Collectively, all these results provided evidence that ROP18-dependent RTN1-C phosphorylation at Ser7/134 and Thr4/8/118 sites promoted ER stress-associated apoptosis of Neuro2a cells.
ROP18-Dependent RTN1-C Phosphorylation Down-Regulates HDAC
Activity to Induce Apoptosis. Considering that ROP18-dependent RTN1-C phosphorylation induces ER stress-associated apoptosis, we next decided to clarify how phosphorylated RTN1-C induces ER stress and its subsequent apoptosis. All three FLAG-tagged RTN1-C (wild-type, RTN1-C-5D, and RTN1-C-5A)-overexpressing Neuro2a cell extracts were analyzed for HDAC activity, and data were compared with the effect elicited by a specific inhibitor of HDAC [trichostatin A (TSA)]. Colorimetric HDAC activity assays revealed that phospho-mimicking RTN1-C-5D reduced HDAC activity and nonphosphorylatable RTN1-C-5A abolished the inhibition of HDAC activity, suggesting attenuation of HDAC activity by phosphorylated RTN1-C (Fig. 5A) . Recent studies have identified GRP78, a chaperone protein primarily localized in the ER, as a molecular target of the HDAC inhibitor. Inhibition of HDACs led to GRP78 acetylation, which dissociated GRP78 from PERK, and this was associated with the activation of the UPR (18) (19) (20) . Immunoprecipitation assay confirmed that inhibition of HDAC activity by TSA could also enhance GRP78 acetylation (SI Appendix, Fig. S6A ). As we confirmed above that ROP18-dependent RTN1-C phosphorylation inhibited HDAC activity, we subsequently addressed whether this phosphorylation induces acetylation of GRP78. Neuro2a cells expressing all three FLAG-tagged RTN1-C proteins (wild-type, RTN1-C-5D, and RTN1-C-5A) were immunoprecipitated for GRP78, followed by immunoblotting with the antibody that can recognize antiacetylated lysine residues. Our results confirmed that HDAC3, a member of class I HDACs, interacted with GRP78 in vivo (Fig. 5B) . Moreover, phospho-mimicking RTN1-C-5D overexpression compared with wild-type RTN1-C and control was found to lead to significant GRP78 acetylation. In contrast, nonphosphorylatable RTN1-C-5A dramatically reduced GRP78 acetylation, demonstrating that ROP18 phosphorylation of RTN1-C induces GRP78 acetylation (Fig. 5B) . Thus, we concluded that ROP18-dependent RTN1-C phosphorylation enhanced GRP78 acetylation via attenuating HDAC activity. Recent investigations have demonstrated the capacity of GRP78 acetylation to promote dissociation of its client protein PERK and to activate the UPR. The onset of ER stress and initiation of the UPR have evolved for normal ER function. However, following prolonged ER stress or when the adaptive response fails, UPR-mediated signals can elicit apoptosis. Therefore, we hypothesized that ER stressassociated apoptosis induced by ROP18-phosphorylated RTN1-C is a consequence of GRP78 acetylation. To confirm this hypothesis, we analyzed phosphorylated RTN1-C-mediated apoptosis in the presence of anacardic acid (AA), which inhibits acetylation. Interestingly, when cells are pretreated with AA, the phosphorylated RTN-1C protein did not induce apparent apoptosis compared with the untreated phosphorylated RTN-1C group (SI Appendix, Fig.  S6 B and C). Therefore, ROP18-mediated phosphorylation of RTN1-C enhanced GRP78 acetylation by attenuating HDAC activity, and this event is associated with an increase in neural cell apoptosis.
Knockout of RTN1-C Results in Resistance to Neural Apoptosis
Induced by ROP18. Given the correlation between the ROP18-RTN1-C interaction and neural apoptosis, we hypothesized that Fig. 5 . ROP18 phosphorylation of RTN1-C down-regulates HDAC activity to induce apoptosis. (A) Neuro2a cells were transfected with FLAG-tagged wild-type RTN1-C or its mutants for 24 h. Then, HDAC activity was measured using total lysates (100 mg) from these cells. As a positive control, Neuro2a cells were treated with 400 nM TSA for 12 h. *P < 0.05; **P < 0.01. (B) Neuro2a cells were transfected with FLAG-tagged wild-type RTN1-C or its mutants for 24 h. Then, cell lysates were immunoprecipitated (IP) for GRP78, and immunoblotting (IB) was performed for acetyl-lysine and the indicated antibodies, respectively.
RTN1-C-deficient Neuro2a cells are resistant, at least in part, to apoptosis induced by ROP18. To test this possibility, we knocked out RTN1-C in Neuro2a cells using CRISPR/Cas9 genome editing (SI Appendix, Fig. S7 ). Wild-type or RTN1-C-deficient Neuro2a cells were infected with Δku80Δhxgprt RH or Δrop18 RH parasites. Flow cytometry analysis revealed that WT Neuro2a cells infected with Δku80Δhxgprt RH parasites exhibited a significantly increased apoptotic population compared with Δrop18 RH. In sharp contrast, RTN1-C-deficient Neuro2a cells infected with Δku80Δhxgprt RH parasites exhibited few apoptotic cells, suggesting that the ROP18-RTN1-C interaction is essential for neural cell apoptosis (Fig. 6) . Taken together, all of these results confirmed that RTN1-C phosphorylation by ROP18 in neural cells is responsible for apoptosis during toxoplasmosis.
Discussion
In intermediate mammalian hosts, including humans, T. gondii exists as two distinct forms, the tachyzoite and bradyzoite. The tachyzoite is the rapidly replicating and disease-causing form. However, it can convert into the slowly replicating bradyzoite due to host immune responses and many other factors. It then finally develops into cysts in a variety of tissues, particularly the brain.
In patients with severe immune suppression, such as AIDS, dormant encysted bradyzoites can be reactivated into fast-replicating tachyzoites. Uncontrolled tachyzoite replication may cause severe and potentially life-threatening encephalitis. It is well known that encephalitis caused by T. gondii can be lethal, due to tissue inflammation, apoptosis, and/or necrosis, as well as other complex pathological processes (2, 8, 10, 11, 21) . However, the mechanism of TE is still unclear despite a variety of hypotheses that have been proposed. The CNS is most commonly involved during development of toxoplasmosis, and uncontrolled parasite replication may cause life-threatening brain damage characterized by brain abscesses and necrosis. It is essential to explore the reasons for the preferential tropism of Toxoplasma parasites to these tissues and the mechanisms underlying neuropathology in patients with toxoplasmosis (3). Populations of T. gondii in North America and Europe are dominated by three clonal lineages known as types I, II and III. Type I strains are uniformly lethal with an infectious dose of a single viable organism in mice, and type II strains have an intermediate virulence, while type III strains are considered avirulent (22) (23) (24) . A large of number of aspects of the parasite have been investigated to explain pathogenesis and virulence. Among them, ROP18 has been identified as a major molecule contributing to strain-specific differences in virulence (12, 13) . High expression of ROP18 is closely associated with high virulence of type I and type II strains, while low expression is associated with avirulence in type III strains (12, 13, 24) .
Nevertheless, the causative mechanism of ROP18 as a key factor in neural tropism in Toxoplasma infections remains a mystery. Previous studies suggested that Toxoplasma-mediated apoptosis might play a pivotal role in neurodegeneration and neuropathology in the process of TE (8) . Our previous investigations demonstrated that ROP18 could induce the apoptosis of neural cells (10) . However, the host proteins that are targeted by ROP18 and the exact molecular mechanisms involved are unclear. Here, we demonstrate that RTN1-C, a protein that is preferentially expressed in the CNS, is a specific substrate of the ROP18 kinase. RTNs are a group of membrane proteins localized on the ER that regulate ER structure and functions. These proteins have also been implicated in different signaling pathways and are associated with the pathogenesis of neurodegenerative disorders (25) . RTN1, initially considered to be a neuroendocrine-specific protein, was actually demonstrated to be expressed in neurons of various brain regions (26) . Remarkably, as an isoform of RTN1, RTN1-C is dominantly expressed in the CNS. The RTN1-C isoform could be detected in both human and mouse brain tissues and was preferentially expressed in neurons and cells of neuroendocrine tissues (27) (28) (29) (30) . Structural analyses reveal that all RTNs share a C-terminal conserved RH domain, whereas the N-terminal region of RTNs represents the variable portion that is likely responsible for the specific biological function of each isoform. On the basis of the results obtained here, we found that ROP18 was strongly bound to RTN1-C via its N-terminal 20 amino acids, suggesting that ROP18 specially interacts with RTN1-C, but not RTN1-A/B or other RTNs. A better understanding of the interaction between RTN1-C and ROP18 might offer insights into the mechanism of neural tropism of Toxoplasma infection.
During host cell invasion, T. gondii forcibly invaginates and modifies the host-cell plasma membrane, thereby creating the parasitophorous vacuole membrane (PVM). ROP18 is an active Ser/Thr protein kinase that, after secretion into the host cell, traffics into cells and inserts into the host membrane to form the PVM. Previous findings have confirmed that part of the host ER is fused with the PV during T. gondii infection (16, 31) . Colocalization of the ER with the PVM suggests that the mechanism triggering upregulation of the UPR might be a key outcome of direct proteinprotein interactions between the PVM and host proteins. However, the molecular mechanisms by which Toxoplasma effectors initiate the ER stress-associated pathway remain unexplored. Our results here indicate that ROP18 kinase activity is closely involved in induction of neural apoptosis. We also demonstrate that RTN1-C is phosphorylated at Ser7/134 and Thr4/8/118 by ROP18 kinase, leading to the activation of ER stress-mediated apoptosis in neural cells. These findings suggest that ROP18 kinase induces neural apoptosis by phosphorylating RTN1-C to activate subsequent ER stress-mediated apoptosis. Despite ROP18-phosphorylated, RTN1-C mediated neural apoptosis, we also found that nonphosphorylatable RTN1-C-5A mutant and Δrop18 RH parasites could still induce neural apoptosis compared with control or uninfected cells. Therefore, even though the ROP18/RTN1-Cdependent mechanism activates ER stress-associated neural apoptosis, there might be other factors that contribute to neuropathology of TE. In this study, we also demonstrated that GRP78 could form a complex with HDAC3 and RTN1-C. The UPR is controlled by GRP78 and three different ER transmembrane sensor proteins: PERK, IRE1, and ATF6. In normal and nonstressed cells, GRP78 binds to ER transmembrane sensor proteins and maintains them in an inactive form. During ER stress, it was shown that an increase in unfolded protein substrates could lead to the sequestration of GRP78, releasing the sensors to initiate UPR signals (5, 7) . If the ER stress is not relieved, the injured cells may spiral into the process of apoptosis (32) . Although the function of HDAC was primarily associated with transcriptional regulation through deacetylation of histones, these enzymes have been recognized as generalized protein deacetylases rather than HDACs due to the fact that HDACs modulate numerous nonhistone substrates. For example, HDAC6 functions as an Hsp90 deacetylase, and HDAC6-regulated Hsp90 acetylation is important for Hsp90 chaperone function. In addition, at least 50 nonhistone proteins of known biological function have been identified (33) . Accumulating evidence suggests that HDACs play a role in regulating the UPR through acetylation of GRP78 (19, 34) . Additionally, HDAC inhibition induces the acetylation of GRP78 and activates the UPR and ER stress (18, 19, 34, 35) . Interestingly, in the presence of AA, which inhibits GRP78 acetylation, phosphorylated RTN1-C protein failed to induce apoptosis. Taken together, we conclude that ROP18-phosphorylated RTN1-C leads to GRP78 acetylation by attenuating HDAC activity, and prolonged ER stress induced ER stress-associated apoptosis in neural cells. Different strains of Toxoplasma have likely evolved specific effector molecules to modulate the immune responses of different hosts. Previous investigation has shown that IFN-γ-induced IRGs are an important phosphorylated substrate of ROP18 and crucial for thwarting innate immunity in IFN-γ-activated mouse cells, although these effectors appear to play little role in human cells due to the absence of IRGs in human cells (36) . Our results here, however, demonstrated that ROP18 of T. gondii type I strains is involved in ER stress-associated apoptosis in neural cells through targeting the binding partner RTN1-C in murine models as well as in humans.
TE causes complex neuropathogenesis, including inflammation, apoptosis, and necrosis (1, 2, (8) (9) (10) (11) 21) . Based on our findings, we propose a mechanism of apoptosis caused by T. gondii ROP18. Following attachment to the host cell, ROP18 is secreted by T. gondii and released into the cytosol of the host cell before the entry of the parasite into the PV. Shortly afterward, these proteins traffic to the host ER. Then, the ROP18 binds to the N-terminal portion of RTN1-C and specifically phosphorylates RTN1-C. RTN1-C phosphorylated by ROP18 regulates the induction of ER stress by inhibition of HDAC activity. The attenuation of HDAC activity leads to GRP78 acetylation and subsequent activation of the UPR. Finally, the UPR and prolonged ER stress lead to apoptosis in neural cells, which is an important factor leading to pathological damage and TE (SI Appendix, Fig. S8 ).
In the light of our results, we consider that RTN-1C is an important candidate for the pathogenesis of TE encephalitis. Furthermore, the ER is increasingly considered as an attractive potential therapeutic target under the premise that maintaining ER function and dampening ER stress may ameliorate neuropathology during Toxoplasma infection. Our results do not merely hint at the long-term puzzle as to why the nervous system is Toxoplasma's primary target but offer a detailed understanding that could lead to novel approaches to disease control.
Materials and Methods
Animals. The 3-to 4-wk-old female BALB/c mice used in this study were obtained from the Experimental Animal Center of Anhui Province. The mouse model of TE was established as previously described (11) .
Parasites. The ROP18 wild-type overexpressing transgenic RH strain (ROP18-WT RH) and ROP18 kinase-deficient (S394A) overexpressing transgenic RH strain (ROP18-KD RH) were constructed as previously described (17) . Briefly, the 5′-UTR-TUB promoter wild-type ROP18-Ty1-HXGPRT 3′-UTR fragment or the 5′-UTR TUB promoter kinase-deficient ROP18-Ty1-HXGPRT 3′-UTR fragment was transfected into the Δku80Δhxgprt RH parasites by electroporation. The Δku80Δhxgprt RH strain (parental; Δku80Δhxgprt RH) and ROP18 knockout Δku80 RH strain (Δrop18 RH) were kindly provided by John Boothroyd, Stanford University School of Medicine, Stanford, CA (37) . Stable integrants were selected in media with mycophenolic acid and xanthine and cloned by limiting dilution. The wild-type ROP18-Ty1 RH strain (overexpressing wild-type ROP18 RH strain) and the kinase-deficient ROP18-Ty1 RH strain (38) (overexpressing kinase-deficient ROP18 RH strain) were kindly provided by J. F. Dubremetz, Universite de Montpellier, Montpellier, France. All parasite strains and cell lines were routinely assessed for mycoplasma contamination, and no contamination was detected. Other materials and methods are described in SI Appendix.
Ethics Statement. Ethical permission was obtained from the Institutional Review Board (IRB) of the Institute of Biomedicine at Anhui Medical University, which records and regulates all research activities in the school. The IRB of the Anhui Medical University approved both animal and human protocols. The approval from the IRB includes the permission to use mice under CO 2 anesthesia and all experimental procedures were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (39) .
